Abstract-Microswimmers capable of propulsion at low Reynolds numbers have great potential for numerous applications. Several kinds of artificial microswimmers, actuated by magnetic fields, with rigid helical tails have been developed. In previous works, we demonstrated that a magnetic swimmer with a soft tail could form a helical shape during rotation to propel itself at low Reynolds numbers. The advantage of compliant structures is that the high softness makes swimmers more adaptive in confined or complex environments. The interfacial friction drags are reduced by using superhydrophobic surfaces. Therefore, this paper aims to study the inftuence of surface and interface properties, particularly the hydrophilicity and hydrophobicity of the soft tait surface, on the swimming performance. For this, we compared the swimming performance of two millimeter-scaled swimmers with a superhydrophilic soft tail and a superhydrophobic soft tail, respectively, in viscous Iiquids. The two swimmers exhibit dif1'erent dynamic morphologies and swimming performance with the same input parameters. The swimmer with a superhydrophobic soft tail shows higher swimming velocity than that with a superhydrophilic soft tail, except in pure glyceroI. The present work provides useful informations for selecting surface coating of swimmers with soft tails at low Reynolds numbers.
I. INTRODUCTION
Helical microswimmers have attracted many researchers due to their great potential for numerous applications, including in vitro tasks from sorting and transporting microscale objects to mechanical components micro-assembly [I] , and in vivo applications for minimally invasive medicine (e.g. targeted drug delivery; brachytherapy; hyperthermia ... ) [2] - [6] , due to their small dimensions and accessibility to tiny and complicated environments. At microscale, the swimmers swim at low Reynolds numbers. Purcell proposed two types of locomotions that micro-organisms adopt to generate non-reciprocal motions in order to swim at low Reynolds numbers [7] - [9] : a corkscrew type rotating propulsion and a flexible oar oscillation. The corkscrew type rotating propulsion converts a rotation al motion into a translational motion. In nature, E. eoli bacterium, wh ich consists of rod-shaped body and a bundle of passive helical flagella, is driven by molecular rotary motors to generate a corkscrew-like forward propulsion motion [10] , [lI] . Inspired by E. eoli bacteria, researchers have developed a variety of helical swimmers ranging from several millimeters [12] , [13] down to a few hundred nanometers [14] - [19] . Majority of the helical swilmners are mechanically rigid, and are actuated by a rotating magnetic field. Researchers have studied their swimming characteristics [20] - [22] , and have demonstrated 3-D motion with controlled steering [23] - [25] .
High softness could make the swimmers more adaptive in confined or complex environments, thus may guarantee a gentle interaction with the environment and the target [26] . Later, the swimming characteristics of swimmers with multiple flexible tails at low Reynolds numbers were demonstrated [27] , as weil as flexible metal nanowire motors [28] . Nevertheless, those flexible flagella were not soft enough to show large dynamic mechanical deformations due to fluidic interaction during swimming. In our previous works, we demonstrated that a millimeter-scaled magnetic swimmer with soft PDMS tails forms helicalor twisted shapes during rotation to propel itself in viscous liquids, and studied their swimming characteristics [29] .
Interfacial friction drags can be reduced by using superhydrophobic surfaces, because a small amount of air adsorbs on the superhydrophobic surfaces to [rom a filmy air flow along the surface in the liquid [30] , [31] . This paper aims to study the influence of the surface properties, particularly the hydrophilicity and hydrophobicity of the soft tail surface, on the swimming performance. For this reason, we compared in this paper the swimming performance of the two millimeterscaled swimmers, one with a superhydrophilic soft tail, the other one with a superhydrophobic soft tail, at different Reynolds numbers. The two swimmers exhibited different dynamic morphologies and swimming performance. Another advantage of the swimmers with soft tails is that they are more agile to generate different swimming modes with varied applied magnetic fields, such as oscillations and rotations. We focus here on the swimming characteristics of swimmers with soft tails using simple rotating magnetic fields.
In the following parts of the paper, Section 11 presents the modeling of magnetically actuated swirmners with soft tails including the magnetic actuation and the helical propulsion model. Section Irr introduces the overview of the system, including the swimmers with superhydrophilic or superhydrophobic soft tails, the low Reynolds number environments, and the magnetic actuation system. Section IV describes the swimming performance of the two swimmers at different low Reynolds numbers. The selection of surface coating of the swimmers with soft tails in terms of the swimming performance is also discussed in this section. Finally, Section V concludes the work, and presents the perspectives of future works.
MODE LING

A. Magnetic actuation
The swimmers with soft tails are driven by a uniform rotating magnetic field, generated by a 3-axis Helmholtz coils system . In principle, magnetized objects in a uniform magnetic field are subjected to simple magnetic torques, wh ich is given by:
where Vm is the volume of the magnetized object, B is the flux density of the applied field (T ), M is the magnetization of the object (Alm ). The magnetic torque tends to align the magnetization of the object with the direction of the magnetic field, so that in a rotating magnetic field, the swimmer with a magnetic head rotates around its axis with the magnetic field.
B. Flexural rigidity
While applying a magnetic torque to the head of the swimmer, the soft tail will be bended due to the fluid drag torque applied to the soft tail. The angle of twist <j> (x) can be expressed as [32] : (2) where 't'x is the applied torque on the axis x; G is the shear modulus of the material, also called the modulus of rigidity; and Jx is the torsional rigidity, wh ich depends on the geometry parameters of the swimmer. The soft tail can form a helical structure when the twist angle is higher than 360°.
In the following experiments, the geometrical parameters of the two swimmers are identical, wh ich will be presented in Section III-A. The modulus of rigidity of the soft tails measured by the method of Shirley Stiffness Tester [33] are similar. Therefore, it is reasonable to assume that the dynarnic morphology of the soft tail is determined by the applied torque, wh ich is the balance of the magnetic and the drag torques. The interfacial fluid drag torques are different between the superhydrophilic and the superhydrophobic soft tails, hence the dynamic morphologies should be different. 
C. Helical propulsion model
The relationship between the nonfluidic applied force (f) and torque ('T) applied on a helical swimmer swimming along its axis and its velocity (v) and angular speed (w) is linear, and can be expressed as [7] , [9] :
The parameters a, b, and e depend on the geometrical and environmental properties of the helical swimmers. The propulsion efiicieney of a helical swimmer depends strongly on the piteh angle [34] , [35] . Therefore, the dynamie morphology of the soft tail will signifieantly influenee the swimming performance.
SYSTEM OVERVIEW
A. Swimmers with soft tails
Two swimmers with a superhydrophilie or a superhydrophobie soft tail are shown in Fig. 2 . Eaeh swimmer eonsists of a cylindrical magnetic head and a soft tai!. The magnetic head eonsists of a magnet (NdFeB) seated in a 3D printed housing. The outer diameter of the housing is 3 mm. The geometry parameters of the soft tails are shown in Table I . The superhydrophilie soft tail is made of fabrie, whieh are sequentially cleaned using distilled water, anhydrous ethanol, and distilled water in an ultrasonie cleaner, to remove possible impurities. The superhydrophobie soft tail is obtained by eoating the fabrie with Ag nano-particles (Ag NPs) [36] , [37] . The fabrie is immersed in the presynthesized Ag nano-particles for approximate 2 hours. After washed with ethanol, the fabric is dried and then modified to form superhydrophobic surface by immersing it into ethanol solution of n-decyl thiol (4 mM) for 12 hours. Finally, the fabric is washed by ethanol and dried. The modulus of rigidity of the two tails measured by the method of Shirley Stiffness Tester [33] are similar (see Table I ).
As the swimmers with soft tails swim in mixed liquids of water and glycerol, both the contact angles of water and glycerol are measured using a DSA25S system (Krüss Company). For the first soft tail, the water and glycerol dropped on the surface, and spread out immediately. Therefore, the contact angles of water and glycerol are deduced at 0°, and thus the soft tail can be considered as superhydrophilic and glucerophilic. For the Ag NPs coated soft tail, the water and glycerol drop lets on the fabric forms quasi spheres, and the contact angles of water and glycerol are estimated to be 151 ° and 131 0 , respectively. Therefore, the second soft tail is considered as superhydrophobic and glucerophobic. In the following part of the paper, the soft tails are called only superhydrophilic or superhydrophobic for brevity.
The swimmers swim in a test tube with an inner diameter of about 15 mm. Note that the drifting effect [38] can be eliminated in the test tube, thus the dominant movement is linear forward movement.
B. Low Reynolds numbers
The Reynolds number is a dimensionless quantity, wh ich is defined as the ratio of the inertial forces to the viscous forces [39] . The viscous forces dominate the inertial forces, when the Reynolds number is far below one (Re « 1). The
Reynolds number can be expressed as:
where v is the relative object velocity to the fluid; L is the characteristic length; p is the fluid density; and ~ is the fluid dynamic viscosity.
In the following experiments, the swimmers with soft tails swim in liquids of 80%, 90%, and 100% glycerol, in order to simulate low Reynold number conditions. The input rotation frequency of the swimmers ranges from 1 Hz to 10 Hz. The calculated linear velocity and Reynolds numbers for the swinuners with soft tails are shown in Table 11 . In water, a swimming bacterium such as E.coli has a Re ~ 10-5 -10- 4 
C. Magnetic actuation system
The millimeter-scaled swümners with magnetic heads and soft tail in this paper are actuated by a 3-axis Helmholtz coils system, as shown in Fig. 3a . Three Helmholtz coil pairs are orthogonally arranged to generate a uniform rotating field B 1..n (t) around any axis n in the 3D space [41] . The maximum magnetic flux density is designed as 10 mT. Each pair is driven by a servoamplifier (Maxon ADS 50/5 4-Q-DC). Analog communication between the PC and the amplifiers is accomplished with a Sensoray 826 Analog and Digital 1/0 card. The magnetic fields generated by the three coil pairs are measured and calibrated with a gaussmeter (Hirst GM08). A USB camera (Point Grey GS3-U3-41C6M-C) is on the top of the 3-axis Helmholtz coils system. The videos are recorded at a framerate of 60 fps. An image captured by the camera is shown in Fig. 3b . The vision system is calibrated, in order to calculate the swinuning velocities of the swümners. 
IV. RESULTS AND DISCUSSIONS
A. Swimmer with a superhydrophilie soft tail
The swimming velocities of the swimmer with a superhydrophilic soft tail in different viscous Iiquids are caIculated offline by an average of three measures, as depicted in Fig. 4 . A swinuner with a magnetic head rotates in sync with the extern al rotating magnetic field until a maximal rotation frequency, called the step-out frequency [9] . Beyond this step-out frequency, the rotation frequency decreases. The step-out frequency depends on the viscosity of the liquid, the magnetic strength of the magnetic head and the magnetic field. The step-out frequency for the swilmner with a superhydrophilic soft tail in 100% glycerol is demonstrated at 5 Hz, and in 90% and 80% glycerol, the step-out frequency is deduced to be over 10 Hz.
The swinuning velocity increases with the rotation frequency and the viscosity of the liquid, thus decreases with the Reynolds numbers. However, as the step-out frequency decreases with the viscosity of the liquid, the maximal swimming velocity of a swimmer with a soft tail can be overpassed by the velocity when it swims in a relatively less viscous liquid. For example, in 100% glycerol, the swimming velocity of the swimmer with a superhydrophilic soft tail is limited at 0.73 mm/s with the step-out frequency at 5 Hz.
While, in 90% glycerol, as the step-out frequency is over 10 Hz, the swinuning velocity of the swümner continuously increases, and reaches 0.98 nun/s at 9 Hz, wh ich overpasses the maximal swimming velocity of the swimmer in 100% glycerol.
A threshold frequency is presented as the minimal rotation frequency to propel a swimmer with a soft tail. Only beyond this threshold frequency, the swümner with a soft tail can form an effective helical shape for forward displacement. The dynamic morphologies of the superhydrophilic soft tail of the swümner in 90% glycerol, below and beyond the threshold frequency of 3 Hz, are shown by sequence images respectively in Fig. 6 and Fig. 7 . The threshold frequency decreases with the viscosity of the liquid , wh ich means the formation of the helical shape of the soft tail of the swimmer is easier in viscous Iiquids and high frequency. Note that the threshold frequency is deduced to drop below 1 Hz in 100% glycerol. Therefore, the threshold frequency is not shown in the figure for 100% glycerol.
B. Swimmer with a superhydrophobie soft tail
The swimming velocities of the swimmer with a superhydrophobic soft tail at different viscous liquids are depicted in Fig. 5 . The swimming performance of the swimmer with a superhydrophobic soft tail is up to 7 times faster than the swimmer with a superhydrophilic soft tail in the same viscous liquid and with the same input parameters before it reaches the maximal swümning velocity. The threshold frequency of the swimmer with a superhydrophobic soft tail is lower than that of the swimmer with a superhydrophilic soft tail in the same viscous liquid , wh ich means the swimming performance is also improved with regard to the threshold frequency.
Different from the swimmer with a superhydrophilic soft tail, before reaching the step-out frequency of the magnetic head, a cut-off frequency of the tail is observed, for example, at 1 Hz in 100% glycerol and at 5 Hz in 90% glycerol liquid. Below the cut-off frequency, the soft tail forms a helical shape during rotation to propel itself. The dynamic morphology of the superhydrophobic soft tail of the swimmer in 90% glycerol with a rotation of 3 Hz is shown in Fig. 8 , wh ich is more deformed than that of the swimmer with a superhydrophilic soft tail with regard to the pitch angle. The improvement of the swimming velocity is due to the pitch angle [35] , and the reduction of interfacial friction drags.
Beyond the cut-off frequency, the pitch of the helical shape formed by the superhydrophobic soft tail is collapsed to zero. Therefore, the swinuner can no longer propel itself to make a resultful forward movement. Note that the zero displacement Fig. 9 : Sequence of images of the swimmer beyond the cut-off frequency of the soft tail: the swimmer with a superhydrophobic tail in 90% glycerol and within a rotating magnetic field of 6 Hz. The helical shape of the soft tail is collapsed, and the swimmer shows no forward displacement, but with pure rotation.
during rotation can be used for the motion control while the swimmer need to be dynamically stopped with simple rotation for some tasks, such as localized drug delivery. An image sequence of the swimmer with a superhydrophobic soft tail rotating beyond the cut-off frequency at 6 Hz in 90% glycerol is shown in Fig. 9 . The images are captured at the moment that the rotating magnetic field is turning on, and then every 50 ms. In the experiments, the cut-off frequency of the soft tail is lower than the step-out frequency of the magnetic head. Therefore, the maximal swimming velocity of the swimmer with a superhydrophobic soft tail is Iimited by the cut-off frequency. The cut-off frequency decreases with the viscosity of the liquid. In 100% glycerol, the swimming performance is significantly Iimited, because the cut-off frequency is low due to the high viscosity. For example, the swimming velocity is Iimited at 0.21 mm/s with a cut-off frequency of 1 Hz in 100% glycerol.
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V. CONCLUSION
In this paper, we aim to find the influence of the surface property, particularly the hydrophilicity and hydrophobicity, on the swimming performance of a swimmer with a soft tail at low Reynolds numbers. We compared the swimming characteristics of the swimmers with a superhydrophilic soft tail and a superhydrophobic soft tail in different viscous Iiquids. We found that the surface property of the soft tails influence their dynamic morphologies during rotation due to different drag torques. Thus, the surface property influence on the swimming performance, because the propulsion efficiency of a helical swimmer depends on its pitch angle. The swimmer with a superhydrophobic tail shows a cutoff frequency, beyond that, the helical shape of the soft tail collapsed, the swimming velocity decreased to nearly zero. In futures works, we intend to study different dynamic morphologies of the soft tails for biomedical applications.
